The similarities and differences between two types of surface waves that can exist on a plane metallossless dielectric interface, on the one hand, and on a plane lossy-lossless dielectric interface, on the other hand, are analyzed numerically. They both can lead to total absorption of light by surface relief gratings and show different behavior in transmission by lamellar gratings.
Introduction
Metallic gratings have been well known since the dawn of the 20th century 1 to present resonance anomalies. They are commonly due to excitation of plasmon surface waves that can propagate on a single metallicdielectric interface in TM polarization (magnetic field vector perpendicular to the plane of incidence). After the work of Ebbesen et al., 2 numerous studies have been devoted to two-dimensional gratings consisting of arrays of periodically arranged holes in metallic screens that exhibit enhanced transmission due to surface plasmon excitation, a phenomenon having already found many applications in physics and biology. 3 There exist several other types of resonant anomalies, due to excitation of cavity resonances 4 or waveguide modes, 5 in both TE and TM polarization. Recently, another type of surface wave 6 has been found responsible for grating anomalies in cases when the grating material represents a lossy dielectric with large values of real and imaginary parts of the relative electric permitivity d . The common features with the plasmon surface wave are that this surface wave, called the complex surface wave, 7 exists on a single plane interface in TM polarization and that its propagating constant k x along the surface is subjected to the same condition as the plasmon surface wave. Namely, it represents a zero of the denominator of the Fresnel coefficients in reflection and transmission in TM polarization:
where 1 and 2 are the relative permittivities of the two media, and
are the y components of the wave vectors in each medium, perpendicular to the interface, with 0 being the vacuum permittivity. It is well known that the solution of Eq. (1) can be written in the form
where k 0 is the vacuum wavenumber. Let us assume, without losing the generality, that the upper medium is vacuum, so that Eq. (3) is simplified and the normalized propagation constant can be written as
For a lossless substrate, in order that this wave decay when moving away from the interface, it is necessary that 2 Ͻ Ϫ1; i.e., the substrate must be metallic. However, when real lossy materials are considered, the propagation constant becomes complex, as well as k 1,y and k 2,y . In that case, the condition for the surface wave to remain decaying is simply given by the relations Im͑k 1,y ͒ Ͼ 0 and Im͑k 2,y ͒ Ͼ 0, assuming the y dependences are in the form exp͑ik 1,y y͒ and exp͑Ϫik 2,y y͒. Such a solution can be supported by a real metal-dielectric interface, but also along the interface between two dielectrics, the decay of the field for y → Ϯϱ is ensured by the imaginary part of k j,y , j ϭ 1, 2, existing due to the losses. Both types of surface wave can be excited using a periodic corrugation of the surface. Our aim is to make a comparative study of grating anomalies due to them by using the differential method for modeling the diffraction by periodic structures. 8 
Plasmon Surface Wave and Complex Surface Wave along a Plane Interface
Despite the features common to the plasmon surface wave with Re 2 Ͻ Ϫ1 and the complex surface wave with Re 2 Ͼ 1 and Im 2 Ͼ 0, there exist important differences between them. At first, the plasmon wave is linked with the electron plasma frequencies in metals, while the complex surface waves are due to the absorption losses in dielectrics. Second, the real part of the normalized propagation constant for the plasmon surface wave is larger than 1 and thus even for lossless metals the field is decaying exponentially away from the interface. The corresponding real part of k x ͞k 0 for the complex surface wave is less than 1; thus the losses are vital for the existence of such a wave. Otherwise (for lossless dielectrics), the solution for k x ͞k 0 represented by Eq. (4) is not a zero of the denominator of the Fresnel coefficients, but rather a zero of the numerator of the reflection coefficient; i.e., it corresponds to the Brewster angle of incidence. The transformation from a pole into a zero is because there exists a cut in the complex k x plane, which is required to determine the choice of the sign of the roots in Eq. (2) . When the solution given by Eq. (4) crosses the real k x axis for values of Re k x ͞k 0 Ͻ 1, the sign of k 1,y changes and this transforms the denominator, given in the left-hand side of Eq. (1) into the numerator of the corresponding reflection coefficient:
i.e., the surface wave is transformed into Brewster's phenomenon. 9 These considerations are illustrated in Fig. 1 , which represents the trajectory of k x ͞k 0 as given by Eq. (4) in the complex plane, when the relative permittivity of the substrate is varied between metal and lossy dielectric and then to lossless dielectric. While in nature there is no such diversity of different materials, numerical experiments make it possible to gradually change the real and imaginary part of the permittivity to visualize the links between the three different phenomena: plasmon-and complex-type surface waves and Brewster angle of incidence. Figure 1 (a) presents the trajectory of k x ͞k 0 when the real part of 2 is varied from Ϫ300 to 300, preserving its imaginary part fixed. One can observe that, when Re 2 Ͻ 0, then Re k x ͞k 0 Ͼ 1 and vice versa. The second curve in Fig. 1(b) is obtained by fixing the real part of 2 and reducing its imaginary part to observe the transition from metals to lossless dielectrics. This part of the trajectory of k x ͞k 0 demonstrates the link between the surface wave types of solutions and the Brewster's incidence. When the imaginary part of 2 is gradually reduced, the value of k x ͞k 0 moves toward the Brewster incidence, obtained when 2 becomes real. This link has been known for a long time, 10 but it is useful to present it because it illustrates quite well the unified nature of different optical phenomena. The main aim of this paper is to show the common features and the differences between the two parts of the curve in Figure 2 presents the decay of the field intensity when going away from the interface, positioned at y ϭ 0. The two surface waves existing, for Re 2 having opposite signs, exhibit quite different behaviors in the cladding and the substrate. The plasmon surface wave (solid curve), decreases quite rapidly inside the metal (as could be expected inside a highly conducting metal), while decreasing less rapidly inside the cladding. This can be expected when taking into account that, for a perfectly conducting metal, the surface plasmon wave represents a plane wave propagating in vacuum in a direction parallel to the interface, and thus its amplitude is not decreasing when y → ϱ.
On the contrary, the decrease of the complex surface wave in the substrate is due to the dielectric losses, and its field extends at a much greater distance, when compared with the plasmon wave. However, its decay in the cladding is much more rapid.
Total Absorption of Light by Surface Relief Gratings due to Surface Plasmon or Complex Surface Wave Excitation
Total absorption of light by metallic gratings due to surface plasmon excitation was discovered more than 20 years ago 9 for sinusoidal gratings. Figure 3(a) represents the wavelength-groove-depth dependence of the zeroth reflected order of a lamellar grating ruled in a substrate having 2 ϭ Ϫ300 ϩ i50 illuminated under normal incidence in TM polarization. Several metals have permittivity in the near infrared close to this value. For example, at a wavelength of 2 m, aluminum permitivity is equal to Ϫ267 ϩ i77. The groove period d is equal to 1 (arbitrary unit) and the groove width is half the period. As one can observe, for groove depth values close to 0.51, there is a minimum in the efficiency for wavelengths slightly greater than the period. The reflection minimum is even more pronounced when one looks at the total diffracted energy (the sum of orders 0 and Ϯ1) in Fig.  3(b) . As can be observed, at a certain groove depth (0.524) and wavelength (1.001) the incident light is totally absorbed inside the substrate, although the corresponding plane interface reflects more than 98% of the incident energy.
The next study concerns a lossy dielectric substrate with 2 ϭ 300 ϩ i50. Such values can be of interest in the terahertz region, where, for example, SrTiO 3 has a relative permittivity equal to 370 ϩ i40 (Ref. 7 ) at a frequency of 0.5 THz. The reflectivity of the plane substrate of such a material exceeds 79%, but when a grating is ruled on its surface, one can also obtain an almost total absorption of light, similar to the metallic case [Figs. 3(c) and 3(d) ]. The reason is that the propagation constant of the complex surface wave is only slightly different from the propagation constant of the surface plasmon, as found in Fig. 1(a) . It is necessary to change slightly the groove depth, when compared with the metallic grating and, as observed in Fig. 3(d) , a dielectric grating having a groove depth around 0.57 times the period can absorb almost totally the incident light.
Because the difference in the propagation constants of the two types of surface wave is practically insignificant, for the same groove parameters (but slightly different groove depth, as obtained from Fig.  3 ) the position and the width of the resonant anomalies are almost identical for the metallic and the dielectric gratings, as shown in Fig. 4 , which represents a slice of Figs. 3(c) and 3(d) along a constant groove-depth value h and zoom in the vicinity of absorption dips. Figure 4 (a) corresponds to a groove depth required for maximum absorption by the metallic grating, while Fig. 4(b) presents the reflectivity for the groove depth optimal for maximum absorption by the corresponding dielectric grating.
Influence of Surface Waves in Transmission
As already mentioned in Section 1, resonance anomalies play an important role in enhanced transmission through otherwise highly absorbing layers. A comparative study of transmission properties of a rectangular-rod grating made of metallic or lossy dielectric material is presented in Figs. 5 and 6. The substrate now is vacuum and the groove width is taken to be much smaller, equal to 0.0285 times the groove period. Although the slits are quite narrow, it is well known that the transmission of metallic gratings can be quite high in TM polarization 10 due to the existence of a TEM mode inside the hollow metallic waveguide formed by the groove walls, a mode that has no cutoff and can always propagate, whatever the slits width may be.
Figures 5(a) and 5(b) represent the transmitted zeroth-order efficiency as a function of the grating thickness and the wavelength for the metallic and the lossy dielectric grating, respectively. A sharp anomaly is found in the vicinity of the surface wave excitation ͑͞d Ϸ 1͒ in the two cases. Fabry-Perot resonances are well visible for the metallic grating, and a gradual decrease of transmission with the groove depth is observed, but the decay is much more rapid for the dielectric grating, as illustrated in Fig.  6 , contrary to the tendency found in Fig. 2 for plane layers. This peculiarity of the grating case is because the TEM mode inside the slits for the lossy dielectric grating has a field that penetrates much more inside the dielectric lamellae than the TEM modal field inside the metallic lamellae, as found in Fig. 2 . Thus the losses of the TEM mode in the dielectric slits are much greater than the losses in the metallic slits, and the decay with the groove depth is much more rapid for the dielectric grating. To prove these considerations, Table 1 presents the normalized constants of propagation of the TEM mode inside a hollow waveguide with walls made of the corresponding metal or lossy dielectric, for both cases of a single isolated slit and periodically arranged slits. The values are slightly different due to the coupling between the modes inside the slits when a grating is considered instead of an isolated slit, but the difference is small and for both uncoupled or coupled slits the imaginary part of the TEM mode for a lossy dielectric material is 15 to 20 times larger than for the metal, which explains the difference in behavior between the two types of material, as observed in Figs. 5 and 6.
Subwavelength Hole Arrays
The main difference between holes and slits comes from the existence of transverse [TEM (Ref. 11)] guided modes in slits that do not have cutoff wavelengths while the modes inside a hole have such a cutoff. This cutoff makes the two-and three-dimensional structures behave in considerably different ways. 12 For the periodic array of subwavelength holes pierced inside a metallic screen, we expect to have modes with a large imaginary part of the propagating constant. The transmission by the structure is usually governed by the guided mode with the smallest imaginary part. For the dielectric structure the situation is different, the transmission by the layer itself (without any hole) is not negligible as it is for the metallic one, so we expect to find a transmission governed by a propagation constant with the imaginary part much lower. Figures 7 and 8 show the transmission for a biperiodic array of square holes with a period d equal to 1 (arbitrary unit); the edge w of the square holes is 0.3 d, the thickness of the layer e varies, and the array is lying in vacuum. The permittivity of the layer is Ϫ300 ϩ i50 (Fig. 7) or 300 ϩ i50 (Fig. 8) . The transmission by the metallic structure is consistent with the behavior usually found for subwavelength holes. We can observe an enhanced transmission when the surface plasmon is excited for a wavelength slightly greater than one, which corresponds to the conditions of excitation of a surface plasmon (with a real part of the propagation constant k x ͞k 0 Ϸ 1, as obtained from Fig. 1 ) on the metal-vacuum interface with the help of the periodicity of the hole array. These phase conditions at normal incidence fix the position of the anomaly due to a surface wave excitation having k x ͞k 0 Ϸ 1, which has to appear close to ͞d ϭ 1. And indeed, such an anomaly is observed in both Figs. 7 and 8. A maximum transmission of about 0.1 has then been obtained in Fig. 7 (for e ϭ 0.3), and we have checked that the decay of the transmission with the thickness is exponential. This decay has been found to be driven by the guided mode in the holes with a normalized propagation constant equal to 0.015 ϩ i1.23, having an imaginary part much smaller than the imaginary part of the refractive index of the metal n m Љ ϭ 17.38, but much larger than in the monodimensional case (Table 1) .
When a lossy dielectric structure is considered, the transmission spectra can also present enhancement (for example, for a thickness of 0.4) but not necessarily (e ϭ 0.3, e Ն 1), and when the peak is distinguishable it is always much less pronounced than for its metallic counterpart. Moreover, to reach a regime with exponential decay we had to considerably increase the thickness. Indeed, it should be noticed that the transmission for values of the thickness in the range of 0.4d to 0.6d has values having the same order of magnitude. It can be understood as a result of the competition of several modes for the lower values of the thickness. For the smallest thickness ͑e ϭ 0.3͒, the tunneling through the layer is still quite strong, ϳ3.10
Ϫ4
, and predominates over the other effects. When the thickness has a sufficient value, the decay is found to be dominated by the mode whose normalized propagation constant is 3.24 ϩ i0.344. Note that the imaginary part is almost the same as in the monodimensional case (Table 1 ) and four times smaller than the imaginary part of the refractive index of the unpiereced layer n d Љ ϭ 1.4384.
Conclusion
Lossy dielectric and metallic surfaces and layers may both support surface waves, called most often, respectively, polaritons and plasmons. However, these surface waves have quite different properties. The plasmon field decreases quite rapidly in the metal depth, while extending much farther in the cladding (vacuum or lossless dielectric). Although polaritons can be characterized by almost identical values of their propagation constant, they behave in the opposite way, extending much deeper in the lossy dielectric than in the other media (low-index lossless dielectric or vacuum). This difference can be important in nonlinear optics, where the larger the penetration of the electric field inside optically nonlinear media, the stronger the nonlinear effect, in general. When considering one-or two-dimensional periodic structures made of such materials, the transmission enhancement due to the excitation of surface plasmons or polaritons is much more pronounced in the metallic structure, because of the smaller losses, which are due to the smaller penetration of the field inside the lossy medium. Fig. 7 . Transmission for a biperiodic array of square holes in a metallic layer with ϭ Ϫ300 ϩ i50 and a period d equal to 1 (arbitrary unit); the edge of the square holes is w ϭ 0.3d, the thickness of the layer e varies, and the array is lying in vacuum. Fig. 8 . Transmission for a biperiodic array of square holes in a lossy dielectric layer with ϭ 300 ϩ i50 and a period d equal to 1 (arbitrary unit), the edge of the square holes is w ϭ 0.3d, the thickness of the layer e varies, and the array is lying in vacuum.
